dissolved in an ethanol solution or embedded in liposomes was degraded by irradiating with rays in a dose-dependent manner. The degradation rate of DHAEt embedded in liposomes was higher than that of DHAEt dissolved in ethanol. Antioxidants suppressed the degradation of DHA-Et embedded in liposomes, the order of activity of the antioxidants being luteolin>fisetin>kaempferol>quercetin>rutin. These results suggest that the hydrophobicity (log P) of an antioxidant is one of determinants for antioxidative activity, but that a vicinal diol structure in the B ring is not favorable for the antioxidative activity.
Irradiation with rays or an electron beam has proven to be an efficient and safe food preservation process, together with pasteurization, pickling, fermentation, canning, cooking and cold storage. The irradiation process hardly increases the temperature of the food undergoing treatment, does not render the food radioactive in any way and does not leave any chemical residue, unlike a fumigant treatment. 1) Gamma sterilization procedures using 60 Co and 137 Cs have become the industry's methods of choice. The reliability of this process is unmatched, stemming from the extreme penetrating nature of gamma radiation and the ease of controlling the time of a single sterilization process. 1) Marine products are to the Japanese taste and contain some functional food components, including docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA). 2, 3) The number of marine products imported by Japan continues to grow steadily. However, it is necessary to sterilize the marine products thoroughly, because Vibrio parahaemolyticus and other halophilic bacteria easily infect the products. Since most marine products are frozen, irradiation with rays is utilized for sterilizing the frozen products.
1) However, there is little information about the effects of -ray irradiation on the functional food components in marine products. This fact prompted us to study the degradation of DHA by irradiating with rays a liposome system in which DHA-Et is embedded in liposomes.
We describe in the present paper the degradation of DHA-Et dissolved in an ethanol solution and embedded in liposomes by irradiating with rays, the suppression of this degradation by antioxidants and the structureactivity relationship.
Chemicals. L-(+)-ascorbic acid and rutin were obtained from Nacalai Tesque (Kyoto, Japan), and quercetin was purchased from Tokyo Kasei Kogyo Co. (Tokyo, Japan). Buthylated hydroxytoluene (BHT) was from Wako Pure Chemical Industries (Osaka, Japan), and (+)--tocopherol was from Sigma Chemical Co. (St. Louis, MO, USA).
Irradiation of DHA in an ethanol solution. One milliliter of 1.5 mM DHA-Et in the presence or absence of each antioxidant in ethanol was irradiated with rays at an irradiation rate of 169 Gy/h by the 137 Cs -ray irradiation equipment in the Faculty of Agriculture at Okayama University. The dosage was calibrated by a Fricke dosimeter which has a G-value of 15.4.
Irradiation of DHA embedded in liposomes. The liposomes containing embedded DHA-Et were prepared by following the procedure described by New. 4) One hundred microliters of a 50 mM lecithin ethanol solution was concentrated by evaporating ethanol under a nitrogen stream. The concentrate was dried under reduced pressure to prepare a lecithin film. This lecithin film was dispersed in 1 ml of a 0.05 M Tris-HCl buffer (pH 7.4), and the mixture was then vortexed and sonicated at 50 C. Five microliters of 50 mM DHA-Et ethanol solution was added to 5 ml of the liposome dispersion containing 3 mM lecithin. The concentration of lecithin was determined by the molybdate-blue/ascorbic acid method. The liposome dispersion was incubated at 55 C Note for 1 h to embed DHA-Et into the liposomes. Note that no DHA-Et could be detected in the solution after the liposomes had been removed from the liposome dispersion. Five l of ethanol containing each flavonoid was added to 500 l of the liposome dispersion, and the mixture was then irradiated with rays.
Determination of the amount of DHA-Et. The amount of DHA-Et in 7 l of the irradiated ethanol solution was determined by HPLC (SPD-M10AVP instrument; Shimadzu Co., Kyoto, Japan) with monitoring at 225 nm. An Inertsil ODS column (150 Â 5 mm; GL Science, Tokyo, Japan) was eluted with acetonitrile at a flow rate of 1 ml/min.
Calculation of log P of the flavonoids. The molecular log P (partition coefficient) was calculated by a personal computer with Chem Draw software (Cambridgesoft, Cambridge, MA, USA).
Determination of the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical-scavenging activity. The antioxidative activities of the flavonoids were measured by the DPPH free-radical-scavenging assay.
5) Soon after the solution of each flavonoid had been added to 31.25% ethanol containing 12.5 M DPPH and 31.25 mM MES, the reaction mixture was vigorously shaken. The remaining DPPH was determined from the absorbance at 520 nm and the radical-scavenging activity was evaluated. A mean value was obtained from three experiments.
Degradation of DHA-Et by irradiating with rays. The amounts of DHA-Et remaining in the ethanol solution and embedded in the liposomes after irradiating with rays were measured (Fig. 1) . The amount of remaining DHA-Et dissolved in ethanol and that embedded in the liposomes decreased in a dose-dependent manner. Irradiating with rays at 6.76 kGy decomposed approximately 40% of DHA-Et in the ethanol solution, whereas irradiating with rays at 3.38 kGy degraded approximately 70% of DHA-Et embedded in the liposomes. The degradation rate of DHA-Et embedded in the liposomes was higher than that of DHA-Et dissolved in ethanol under the conditions used here. This was because ethanol can act as a radical scavenger and/ or because the rate of oxidation of a lipid is strongly dependent on the concentration of the lipid. [6] [7] [8] Effects of antioxidants on the DHA-Et degradation induced by irradiating with rays. The effects of the antioxidants on the degradation of DHA-Et embedded in liposomes were investigated (Table 1 ). Rutin at 10 M did not significantly suppress the degradation of DHAEt, but the other flavonoids at 10 M significantly suppressed this degradation. All of the flavonoids at 100 M significantly suppressed the degradation of DHA-Et embedded in the liposomes. These results indicate that a higher concentration of an antioxidant would be necessary to suppress the decomposition of DHA-Et by ray oxidation than by photo (UV or visible light) oxidation or heat oxidation. 9, 10) The remaining amounts of DHA-Et in the presence of rutin, quercetin, buthylated hydroxytoluene, -tocopherol and ascorbic acid in the ethanol solution were 86:5 AE 2:4% (n ¼ 5), 83:9 AE 5:0% (n ¼ 4), 72:3 AE 16:2% (n ¼ 3), 71:9 AE 6:6% (n ¼ 3) and 68:8 AE 10:1% (n ¼ 5), respectively. These results suggest that the antioxidative activities of the flavonoids were significantly higher than those of buthylated hydroxytoluene, -tocopherol and ascorbic acid.
The antioxidative activity of luteolin, fisetin, kaempferol, quercetin and rutin to suppress the degradation of DHA-Et embedded in liposomes by irradiating with rays was compared ( Table 1 ). The order of activities of these compounds was luteolin>fisetin>kaempferol> quercetin>rutin. In order to analyze the structureactivity relationship, the partition coefficient (log P) of each of these five antioxidants in a two-phase octanol/ water system was calculated by the ClogP program ( Table 1) . The relationship between the antioxidative activity and log P of these antioxidants shows that hydrophobicity favored the antioxidative activity. This Remaining DHA-Et (%) embedded into liposomes after a dosage of 3.38 kGy was measured in the presence of 10 and 100 M of each flavonoid. The remaining DHA-Et (%) was 35:8 AE 4:0 in the absence of an antioxidant. The hydrophobicity parameter, log P, was calculated by the ClogP program.
was because the flavonoids with higher hydrophobicity were preferably distributed to the liposomes throughout the solution. In general, vicinal hydroxy groups at the C3 0 and C4 0 positions contribute to the antioxidative activity of flavonoids. 11, 12) Kaempferol, however, does not have a vicinal diol structure in the B ring, but still possessed antioxidative activity as high as that of quercetin and fisetin (Table 1 ). This result suggests that the flavonoids could have suppressed the decomposition of DHA-Et by an unusual mechanism.
The DPPH radical-scavenging activity of the flavonoids was analyzed and compared with the suppressing activity of DHA-Et decomposition due to -ray irradiation. There was no correlation between the activity to suppress the decomposition of DHA-Et and the scavenging activity of DPPH radicals (data not shown).
In summary, DHA-Et embedded in liposomes was rapidly decomposed by irradiating with rays, and this decomposition was suppressed by a relatively high concentration of an antioxidant whose hydrophobicity was one of determinants for its antioxidative activity. Identification of the degradation products will clarify the mechanism for decomposition by irradiation with rays and the suppression of this decomposition by an antioxidant.
